The mechanism of the solvent extraction of cytochrome c (Cyt c) via reverse micelle formation was studied from an electrochemical point of view. Potentiometric measurements showed that the Galvani potential difference of the oil/water (O/W) interface played a crucial role in the spontaneous extraction of Cyt c with bis(2-ethylhexyl)sulfosuccinate (AOT). However, the dependence of the extraction efficiency on the concentration of an aqueous electrolyte (KCl) could be explained not by the effect of the interfacial potential, but by the change in the interfacial tension (g). Electrocapillary measurements showed that the adsorption of AOT anions to the O/W interface resulted in a significant decrease of g in a higher potential range, where reverse micelles were formed. The bottom level of g in the higher potential range was increased with [KCl]. The lower extraction efficiency for higher [KCl]'s was elucidated by a "size exclusion effect". This was also supported by water-content measurements by the Karl Fisher method.
Introduction
Since pioneering work by Luisi et al., [1] [2] [3] a great deal of interest has been focused on the solvent extraction of proteins or enzymes via reverse micelle formation. The reverse micelle extraction of proteins is useful for the separation and purification of proteins, 6 enzymatic reactions in organic solvents, 7, 8 refolding of denatured proteins, 9, 10 etc. To understand the extraction mechanism, many efforts have been made to study the effects of various experimental conditions, which include the natures and concentrations of proteins, surfactants, and aqueous electrolytes and the pH of the aqueous phase. [2] [3] [4] [5] [6] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] It is generally recognized that the electrostatic interactions between a protein and surfactants play an important role in the formation of reverse micelles containing proteins. It has also been claimed that the electrostatic interactions of a protein with a bulk oil/water (O/W) interface play the dominant role in the inclusion of a protein in a reverse micelle at the O/W interface. 16 However, the driving force of reverse micelle formation is still not fully clarified.
Recently, the transport behavior of proteins at polarized O/W interfaces has been studied by some research groups. [22] [23] [24] [25] [26] Vagin et al. 22 first reported spontaneous micelle formation at a polarized O/W interface in the presence of anionic surfactants [Aerosol-OT (AOT); bis(2-ethylhexyl)sulfosuccinate]. They further tried to apply the system to the interfacial transport of proteins, but did not achieve successful results. More recently, our group 26 used the tetrapentylammonium salt of AOT (not the commercial sodium salt as previously) 22 to extract the colored protein cytochrome c (Cyt c) to 1,2-dichloroethane (DCE) via reverse micelle formation under controlling the Galvani potential difference of the interface. This was successful, however, when the W phase was neutral (pH 7); when it was acidic (pH 3.4), the protein could not be extracted into the O phase, but the protein-surfactant complexes were found to aggregate at the O/W interface. Nevertheless, under such acidic conditions, voltammetric waves due to the interfacial adsorption/ desorption of proteins were obtained, which would be expected for the direct electrochemical detection of various proteins. It has thus been demonstrated that the interfacial potential should play a crucial role in the transport behavior of proteins at the O/W interface.
The present electrochemical study was conducted to clarify the role of the interfacial potential in the non-electrochemical, i.e. "spontaneous" extraction of proteins. As expected, an important role of the interfacial potential has been shown under certain experimental conditions. Furthermore, a significant role of the interfacial tension in the inclusion of a protein in a reverse micelle has been suggested.
Experimental

Reagents and chemicals
Cyt c from horse heart was purchased from Sigma and used as received. The tetrapentylammonium salt of AOT (TPnAAOT) was prepared from the sodium salt (NaAOT; Tokyo Kasei Kogyo) according to a previous procedure. 26 The preparation and purification of tetrapentylammonium tetraphenylborate (TPnATPB) and the preparation of an aqueous solution of tetrapentylammonium chloride (TPnACl) were described previously. 27 DCE for HPLC was purchased from Wako Pure Chemical Industries and used as received. All other reagents were of analytical grade and used as received.
Voltammetric measurements
Cyclic and normal-pulse voltammetric measurements were performed using a three-electrode electrolytic cell. 26 28 (Hokuto Denko, HA10100mM1A), which was equipped with a positive-feedback circuit for IR compensation. Unless noted otherwise, the following electrochemical cell was used:
Here, || corresponds to the test O/W interface, whose potential difference was controlled using the two Ag/AgCl electrodes. The current flowing through the interface was detected by means of a platinum coil electrode and an Ag/AgCl coil electrode with a large surface area (ca. 2 cm 2 ). Usually, the organic solvent of the O phase was DCE containing 20% (v/v) isooctane. The pH of the W phase was adjusted with a 50 mM glycine-HCl buffer (pH 3.4) or a 50 mM sodium phosphate buffer (pH 6.8). The electrolytic cell was water-jacketed to maintain the temperature at 25.0 ± 0.1˚C.
The applied potential (E) between the two Ag/AgCl electrodes is related to the Galvani potential difference (
where DEref is a constant that depends only on the reference-electrode system. For cell (A), DEref was estimated to be +0.251 V by referring to a previous similar cell. 26 
Interfacial potential measurement
The change of D O W f during the spontaneous extraction of Cyt c with AOT was observed using the cell shown in Fig. 1 . Unless noted otherwise, the chemical compositions of the W and O phases (5 ml each) and the electrode system are the same as those in cell (A). Using a microsyringe, an aliquot of NaAOT (dissolved in DCE) was added to the O phase, so that the concentration became 2.0 mM. Immediately after this addition, the O and W phases were stirred moderately using a magnetic stirrer (M&S Instruments Trading, Acrobat Stirrer) and a direct mixing motor (Spectrocell, SYS-D1), respectively. The change of D O W f before and after the addition of NaAOT was observed by measuring the potential difference (E) between the two Ag/AgCl electrodes using an electrometer (included in the HA10100mM1A potentiostat). Additionally, small aliquots of the O and W phases were withdrawn from the cell temporarily after 1, 3, 5, and 7 h, and the concentrations of Cyt c in the respective phases were immediately determined from the absorbance (e = 95200 and 110000 at 409 nm in W and O, respectively).
Interfacial tension measurement
The interfacial tension (g) of the polarized O/W interface was measured at 25.0˚C using the previous ascending water electrode. 29 In this study, however, a syringe pump (World Precision Instruments, SP100i) was used to send the W-phase solution to the electrochemical cell. The g value was determined from the ascending time (t) of a water drop by using the following relation:
where m is the flow rate (usually 1 ml s -1 ), r the radius of the orifice of a Teflon tip, rW the density of the W phase, Dr the density difference between the O and W phases, and g the gravitational acceleration. The value of r (= 0.288 mm) was determined in advance by measuring t for the interface between pure DCE and water, whose g value (= 28.4 mN m -1 ) is known. 30 The Dr value necessary for calculating g with Eq. (1) was estimated from the value of rW (reported for KCl aqueous solutions 31 ) and the value of rO [= 1.132 g cm -3 ; it was measured with a picnometer for DCE containing 20% (v/v) isooctane].
Spontaneous extraction of Cyt c and related measurements
The spontaneous extraction of Cyt c with NaAOT was performed under various experimental conditions. In a glass bottle immersed in a thermostatic bath (25.0 ± 0.1˚C), 0.1 mM Cyt c initially added to the W phase was extracted to an equivolume of DCE containing 20% (v/v) isooctane, 2 -100 mM NaAOT, and 0 -120 mM TPnATPB. The W phase contained 0.01 -0.3 M KCl and 50 mM sodium phosphate buffer (pH 6.8). Unless noted otherwise, the O and W phases were stirred for 30 min in a similar manner as shown in Fig. 1 , and then left at rest overnight. After extraction, the Cyt c concentrations in the respective phases were determined spectrophotometrically. The water content in the O phase was determined by means of a Karl Fischer coulometer (Kishida Chemicals, CA-20). The size distribution of AOT aggregates formed in the O phase was measured by a dynamic light scattering (DLS) photometer (Otsuka Electronics, DLS-7000) equipped with a 633 nm He-Ne laser and a 488 nm Ar ion laser. 
Results and Discussion
Role of the interfacial potential
Figure 2(a) shows the changes of E for the spontaneous extraction of Cyt c with NaAOT at pH 6.8 and 3.4. At pH 6.8, the E value was found to change from 0.10 to 0.37 V immediately after the addition of NaAOT. Although the extraction efficiency was not high under these conditions, ca. 20% of Cyt c was certainly extracted to the O phase after 7 h, as shown in Fig. 2(b) . At pH 3.4, the E value was found to change from 0.10 to 0.32 V, in a similar manner as at pH 6.8. However, Cyt c was not extracted to the O phase, and Cyt c-AOT complexes appeared to aggregate at the O/W interface. These extraction behaviors of Cyt c at the higher and lower pH values were in accordance with those reported previously. 26 The measurement shown in Fig. 2(a) was made using DCE containing 20% (v/v) isooctane as the O-phase solvent. Isooctane has been frequently used for the reverse micelle extraction of proteins, but cannot dissolve any electrolyte required for electrochemical measurements. In this study, we confirmed that such a potential change as shown in Fig. 2(a) could be observed when the DCE phase contained up to 40% (v/v) isooctane and 10 mM TPnATPB (data not shown).
The potential changes shown in Fig. 2(a) were elucidated based on voltammetric measurements with the polarized O/W interface.
Previous studies 32, 33 showed that the solventextraction behavior of ions could be understood in terms of the transfer properties of individual ions. Curves (a) and (b) in Fig.  3 represent normal-pulse voltammograms (NPV's) obtained with cell (A) at pH 3.4 and 6.8, respectively. The voltammetric wave at pH 3.4 is due to the interfacial adsorption of Cyt c facilitated by AOT, whereas that at pH 6.8 is due to the formation of reverse micelles at the interface (discussed below in detail). These voltammetric measurements were carried out using the polarized interface, where AOT was added to O as TPnAAOT; however, the extraction experiments shown in Fig. 2 were carried out using the nonpolarized interface, where AOT was added as NaAOT, so that Na + in O could be exchanged with Cyt c or electrolyte ions in W. Accordingly, the transfer of Na + from O to W should be considered in order to estimate the Galvani potential difference of the nonpolarized O/W interface. Curve (c) in Fig. 3 shows NPV for Na + transfer from O to W, which was theoretically expected using the diffusion coefficient in O (D . The potentials observed immediately after the addition of NaAOT should correspond to those where the total current, I, is 0, i.e., E = 0.32 and 0.37 V at pH 3.4 and 6.8, respectively (see Fig. 3 ). These potentials agreed with those observed for the extraction experiments. Thus, it was shown that the interfacial potential plays a significant role as the driving force for the solvent extraction of Cyt c. 
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Dependence of the extraction efficiency on the electrolyte concentration
It is well known that the extraction efficiency of proteins is influenced by the concentration or the ionic strength of an aqueous electrolyte. 2, 5, [11] [12] [13] [17] [18] [19] 21 In this study, we also observed such a dependence for the extraction efficiency of Cyt c, as shown in Fig. 4 . The higher is the KCl concentration, the lower is the extraction efficiency. When [KCl] ≥ 0.3 M, Cyt c was hardly extracted to the O phase. A similar concentration dependence was observed for the organic electrolyte, TPnATPB, as shown in Fig. S1 (supporting information) . The ionic effects, particularly for KCl, may be elucidated in terms of the shielding effect on the electrostatic protein-surfactant interaction 4, 5 and the resultant micelle size change. 11, 17 In this study, we first focused on the interfacial potential, and recorded NPV's at different electrolyte concentrations. However, the concentration of either KCl or TPnATPB had no significant effects on the NPV's, as shown in Figs. S2 and S3 (supporting information). Then, we turned our attention to another electrochemical property of the O/W interface, i.e., the interfacial tension. Figure 5 shows electrocapillary curves of the O/W interface at different KCl concentrations. The electrochemical cell used was the same as cell (A), but the W phase (pH 6.8) contained no protein. The change in the reference electrode potential was corrected by measuring the electromotive force (emf) of the Ag/AgCl electrode vs. SCE. As can be seen in the figure, the addition of TPnAAOT to the O phase resulted in a significant decrease of g in the higher potential range. In the range of 0.3 -0.4 V, there occurred a net charge transfer across the interface, as described below. Accordingly, the measured g values might be somewhat deviated from the true values. Nevertheless, the bottom value of g, being independent of E, seems to indicate that the O/W interface should be in an electrochemically unstable state. 35, 36 This suggests the formation of reverse micelles at the interface in the higher potential range.
Role of the interfacial tension
In order to obtain additional evidence for reverse micelle formation, the dependence of g on the surfactant concentration was investigated. The electrocapillary curves obtained at different AOT concentrations are given in Fig. S4 (supporting information). As shown in Fig. 6 , the g values at constant potentials decreased linearly with the logarithm of [AOT] . At E > 0.25 V, the g values dropped down to a bottom level of ~4 mN m -1 . It is generally considered that the surfactant concentration, at which g reaches such a bottom level, is the critical micelle concentration (CMC). However, the present result showed that CMC depends intrinsically on E (see arrows in Fig. 6 ). In the spontaneous extraction shown in Fig. 2 , the interfacial potential was found to be E = 0.37 V at pH 6.8. From the plot at 0.37 V (g) in Fig. 6 , the CMC was determined as being 0.16 mM in the present extraction system.
As also shown in Fig. 6 , the higher is the interfacial potential, the lower is the CMC. In other words, when the surfactant concentration is lower, a higher potential is required for reverse micelle formation. This is in accordance with the voltammetric results. Figure 7 shows cyclic voltammograms obtained with . This suggests that the size of reverse micelles formed at the interface should be reduced with the electrolyte concentration. Accordingly, the above-described lower extraction efficiency of Cyt c for higher [KCl] 's may be elucidated by the "size exclusion effect". 11, 17 Smaller reverse micelles, formed at higher electrolyte concentrations, would be difficult to include protein molecules in their water pools.
Size of reverse micelles
In order to obtain information about the reverse-micelle size, the water content of the O phase was determined after spontaneous extraction of Cyt c. As shown in Fig. S5 (supporting information), the water content was increased by the extraction of Cyt c to the O phase. In Table 1 Table 1 , n(H2O) was reduced with increasing [KCl] . By assuming that a reverse micelle contains one Cyt c molecule, the diameter of the reverse micelle was estimated, with the result also being as given in Table 1 . In this estimation, the diameter of a Cyt c molecule (3.1 nm) 37 and the length of an AOT molecule (1.1 nm) 38 were used. As can be seen in Table 1 , the micelle size was reduced by increasing [KCl] . This was consistent with the above consideration of the "size exclusion effect".
Furthermore, we performed a direct measurement of the micelle size by using DLS. Unfortunately, however, the averaged particle size was very large, ranging between 100 and 140 nm for 30-min extractions with 0.01 -0.1 M KCl, 10 mM TPnATPB, and 5.0 mM NaAOT. It was also found that the particle size was increased up to 360 nm for a 1-day extraction with 0.05 M KCl, 0 mM TPnATPB, and 100 mM NaAOT. On the other hand, a previous study 11 reported sizes of 4 -10 nm for reverse micelles formed in isooctane. It was thus suggested that a reverse micelle formed at the O/W interface should be unstable in the present O-phase medium, i.e., DCE containing 20% (v/v) isooctane, and grow up to a larger W/O microemulsion via fusion with other reverse micelles. However, the results of the DLS measurements do not deny the formation of small reverse micelles at the O/W interface.
Conclusions
Regarding the spontaneous solvent extraction of Cyt c with NaAOT, the following conclusions have been reached: 1) When Cyt c is extracted to the O phase at a neutral pH, the interfacial potential of the O/W interface changes to a higher potential with the addition of NaAOT. 2) At a higher interfacial potential, the interfacial tension drops down to a bottom level, where the O/W interface shows an electrochemical instability, 35, 36 and thus the transport of proteins can be realized via reverse micelle formation. 3) Based on interfacial tension measurements, the lower extraction efficiency of Cyt c at higher [KCl]'s may be considered as being due to the "size exclusion effect".
11,17
4) The formation of protein-containing reverse micelles is supported by water-content measurements by the Karl Fisher method; however it seems that the reverse micelles formed at the O/W interface grow up to larger W/O microemulsions in DCE containing 20% (v/v) isooctane. 
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Dependence of the extraction efficiency on the TPnATPB concentration (Fig. S1 ), NPV's at different electrolyte concentrations (Figs. S2 and S3), electrocapillary curves at different AOT concentrations (Fig. S4) , and increase in the water content by the extraction of Cyt c (Fig. S5 ). This material is available free of charge on the Web at http://www.jsac.or.jp/ analsci/.
